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InsertionBacterial lipopolysaccharides are believed to have a toxic effect on human cell membranes. In this study, the
inﬂuence of a lipopolysaccharide (LPS) from Escherichia coli on the structure, the dynamics and the mechanical
strength of phospholipid membranes are monitored by nuclear magnetic resonance spectroscopy (NMR)
and by atomic force microscopy (AFM). Model membranes are formed from 1,2-dimyristoyl-sn-glycero-3-
phosphocholine (DMPC) and are either prepared as multilamellar bulk samples or multilamellar vesicles. Field
gradient NMR data directly prove the rapid integration of LPS into DMPCmembranes. Solid state NMR experiments
primarily detect decreasing molecular order parameters with increasing LPS content. This is accompanied by a
mechanical softening of the membrane bilayers as is shown by AFM indentation measurements. Altogether, the
data prove that lipopolysaccharide molecules quickly insert into phospholipid bilayers, increase membrane
ﬂuctuation amplitudes and signiﬁcantly weaken their mechanical stiffness.
© 2015 Published by Elsevier B.V.1. Introduction
Lipopolysaccharides (LPSs) are one of the main components of the
outermembrane of gram-negative bacteria. These amphiphilic molecules
consist of both a hydrophilic polysaccharide part and a hydrophobic lipid
part (lipid A) containing a β-1,6-linked D-glucosamine disaccharide. Lipid
A carries two negatively charged phosphates and various numbers of
saturated or unsaturated fatty acids in a deﬁned asymmetric distribution
[1–5]. In mammals, LPS activates the innate immune system and thus
causes a severe immune response potentially resulting in septic shock
[6]. After binding of LPS to LPS binding protein (LBP) and CD14, the
complex interactswith toll-like receptor (TLR)-4 onmonocytes ormacro-
phages. In general, LPS activates an intracellular signal cascade leading to
translocation of the transcription factor nuclear factor-kappa B (NF-κB),
thus resulting in the release of pro-inﬂammatory cytokines such as
tumor necrosis factor alpha (TNF-α), interleukin (IL)-1, and IL-6 [7–9].
In addition, without any co-stimulatory mediators, LPS is supposed
to interact in a receptor-independent pathway with lipid membranes
with preference to cholesterol-containing lipid rafts [10,11]. It has
been reported to insert spontaneously into giant unilamellar vesicles
generating shape changes and vesicle ﬁssion [11]. Further, Kubiak
et al. have shown that, in vesicles of Escherichia coli lipid extract, LPS, Universitätstr. 5, 45141 Essen,
r).causes an expansion of gel-like areas which strongly supports their
association with LPS [12]. In general, TLR-independent interactions
between LPS and lipid membranes as well as rafts are of high interest
in the pathophysiology and genesis of sepsis and septic shock and may
explain LPS-toxicity for cells missing TLR. In principle, these interactions
can be studied in artiﬁcial lipid membranes [13].
The core and O-antigen of the lipopolysaccharide consist of several
monosaccharide molecules. A glycosidic bond connects the inner core
with the lipid-A. The inner core contains two2-keto-3-deoxyoctulosonate
and three L-glycero-D-manno-heptose units, wherein two of the latter
carry a monophosphoester group at their O4 position. The outer core
consists of two D-galactose and three D-glucose units. The subsequent
monosaccharide groups belong to the O-antigen. This part of the
lipopolysaccharide consists of a repeating unit with an average repeating
number of 10–16. This repeating unit contains two D-mannose, one N-
acetyl-D-glucosamine, one D-glucose and one N-acetyl-D-galactosamine
unit [14,15].
In this study, we use hydrated bilayers of 1,2-dimyristoyl-sn-glycero-
3-phosphocholine (DMPC, see Fig. 1a) as a model for a biological
membrane [16,17]. The molecular structure and dynamics of the bilayer
is observed via solid state NMR on artiﬁcially introduced 2H nuclei
[18,19]. Depending on the type of measurement, the bilayers were
either arranged as membranes of multilamellar vesicles (MLVs) by
ultrasonication or as bulk samples of the hydrated multilamellar phase
of the lipid [20,21]. Both varieties of the phospholipid multilayers were
studied after the addition of various amounts of lipopolysaccharide
Fig. 1.Molecular structure of (a) 1,2-dimyristoyl-sn-glycero-3-phosphocholine (DMPC) and (b) the lipid-A from the LPS of Escherichia coli (serotype 0111:B4).
2272 M. Nagel et al. / Biochimica et Biophysica Acta 1848 (2015) 2271–2276(LPS) from E. coli (Fig. 1b) in order to monitor the integration of the LPS
and its inﬂuence on the bilayer structure.
In the following, we ﬁrst apply pulsed ﬁeld gradient NMR to observe
the integration of LPS molecules into multilamellar DMPC vesicles. This
experiment allows for a determination of the diffusive behavior of each
system component [22,23] and hence to the assignment of e.g. the LPS
to single molecules, micelles or vesicles. This given, the process of LPS
insertion into vesicle membranes can be followed. Second, we use 2H
solid state NMR to obtain information on molecular order and mobility
of DMPC molecules in the bilayers under the inﬂuence of LPS, hereby
observing any LPS-induced changes on the NMR lineshapes. The signal
lineshapes are simulated based on a motional model assuming aniso-
tropic rotational diffusion in an orderingﬁeld (see supplementary infor-
mation). Hereby, the LPS-induced changes on structural and dynamic
parameters of individual DMPCmolecules can be analyzed. Third, atomic
force microscopy (AFM) is applied to determinemacroscopic mechanical
parameters of the bilayer structures. More speciﬁcally, the LPS-induced
changes of the elastic modulus of the double layers are obtained. Finally,
all data are combined to obtain an integral model of the effect of LPS on
phospholipid bilayers.
2. Materials and methods
2.1. Chemicals
1,2-dimyristoyl-sn-glycero-3-phosphocholine (DMPC)waspurchased
from TCI (Eschborn, Germany). Its polydeuterated counterpart
(1,2-dimyristoyl-sn-glycero-3-phosphocholine-d54) was received
from Avanti Polar Lipids (Alabama, USA). The lipopolysaccharide from
E. coli with the serotype 0111:B4 was delivered by Sigma Aldrich
(Taufkirchen, Germany). All chemicals were used without further
puriﬁcation.
2.2. Preparation of the multilamellar bulk phase
To prepare a multilamellar bulk phase of DMPC–LPS, the dry lipid
mixture was mixed with an equal amount of buffer solution (10 mM
Tris, 10 mM KCl, 0.5 mM EDTA and 140 mM NaCl, lipid/buffer 1:1 w/w).
In order to homogenize the gel, the mixture was subjected to ﬁve
subsequent freeze–thaw cycles [24].2.3. Synthesis of multilamellar vesicles
For the preparation of multilamellar vesicles, the dry DMPC was
initially dissolved in chloroform. Subsequently, the chloroform was
removed in a rotary evaporator to create a thin ﬁlm of DMPC in a
round bottom ﬂask. This ﬁlm was then dissolved in bidistilled
water at a concentration of 2 mg/mL. This solution was sonicated
for 1 h by using a titanium-tip ultrasonic disperser (Branson Digital
Soniﬁer W-450 D). All samples were sonicated with P = 100 W
and under thermal control at T ≈ 310 K to limit thermal load and
to assure the liquid crystalline state of the bilayer [25]. In case of
mixed lipid vesicles, the LPS was added to the DMPC solution before
the sonication.
2.4. Static solid-state NMR-experiments
All solid-state NMR experiments were carried out on a 400 MHz
Bruker Avance spectrometer without sample rotation and at 307 K
in the liquid crystalline state of DMPC. The gel-like material was
transferred into a 4 mm rotor made of zirconium oxide. Static
2H solid state experiments on multilamellar bulk phase samples
containing polydeuterated DMPC-d54 were accomplished using a
solid echo sequence with a pulse width of 5 μs and a pulse separation
of 50 μs [26]. The spectrawere analyzed using a ﬁnite element approach
simulating anisotropic rotational diffusion, the quadrupole interaction
of the 2H nuclei, and the given conditions of the NMR experiment.
Details are explained in the supplementary information.
2.5. Proton PFG-NMR on sonicated lipid solutions
The 1H pulsed ﬁeld gradient NMR experiments were performed on a
400 MHz spectrometer (Bruker “Avance”, Karlsruhe, Germany). The
ﬁrst set of experiments was run on a solution of 4.0 · 10−4 mol LPS in
a regular 5 mm NMR tube. For the second set of experiments, a total
amount of 100 mg DMPC-d54 was added to the previous solution to
reach the LPS concentration of 0.23 mol% with regard to the DMPC
matrix. All solutions were sonicated to allow for the formation of
vesicles. A stimulated echo sequencewas usedwith two gradient pulses
of 9 μs duration. For each set of experiments, the gradient strength was
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Fig. 2. Stejskal–Tanner plots obtained from 1H PFG-NMR measurements on sonicated
solutions of pure LPS (squares) and a DMPC-LPS mixture (circles).
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number of 256 scanswere accumulated to determine the echo intensities
as a function of the gradient strength, an observation which reveals the
average dislocation of the observed molecules. In order to limit the
observation to the LPS molecules, exclusively the methyl proton signal
(0.7–1.5 ppm) has been analyzedwhich does not occur in polydeuterated
DMPC. The echo intensities were plotted logarithmically in a so called
Stejskal–Tanner-plot where apparent self-diffusion constants can be
derived from the negative slope of the signal decay.
2.6. AFM measurements
A 4 × 4mm silicon carrier was cleanedwith ethanol and placed on a
microscopic slide. A total amount of 10 μL of the sonicated DMPC MLV
dispersionwas spread on the surface and dried under ambient conditions
for 24 h. The silicon carrierwith the resulting residuewas transferred into
the AFM instrument. All AFM measurements were performed on
a “Nano Wizard” from JPK Instruments (Berlin, Germany) using
non-contact/tapping mode high resonance frequency (NCH) cantilevers
from NanoWorld (Neuchatel, Switzerland). An intermittent contact
mode at a frequency of 240–270 kHz was used for the AFM imaging. In
order to obtain data on the mechanical stiffness of the bilayers, plots of
force vs. tip position have been recorded during the indentation of
individual capsules. During the actual testing procedure, the cantilever
tip was brought into contact with the top of the vesicle. Then the
cantilever holder was moved vertically over a distance of typically
400 nm towards the carrier surfacewithin a period of 5 s. The cantilever
deformation, constantly monitored during this process, was used to
calculate the actual tip position aswell as the force Fwhichwas applied
to the vesiclemembrane. A plot of the force F vs. the indentation depth δ
yields the elastic modulus E according to the Hertz model and the
Sneddon equation [27]:
F ¼ 2
π
 tan αð Þ  E
1−v2ð Þ  δ
2: ð1Þ
Here, α denotes the half angle of the AFM tip and ν the Poisson ratio
which in accordance with general observations on biological samples is
set to 0.5 [28].
2.7. DLS measurements
The size distribution measurements were performed with the
“Stabisizer” from Particle Metrix (Meerbusch, Germany). A laser diode
with a wavelength of 780 nm was used to detect the particles in the
solution. To obtain the hydrodynamic radius rH of the DMPC vesicles,
the Stokes–Einstein-equation is used
rH ¼ kBT6π  D  η ð2Þ
where kB is the Boltzmann constant, T the temperature, D the mean
diffusion coefﬁcient and η the viscosity of the solvent H2O.
3. Results and discussion
3.1. Integration of LPS into DMPC bilayers
A strong receptor-independent interaction of LPS with cell
membranes requires the rapid integration of the LPS molecules into
the lipid bilayer. In order to observe this integration, LPS is added
to (polydeuterated) DMPCmembrane vesicles in aqueous dispersion
while its molecular mobility is monitored via 1H PFG-NMR. In this
experiment, the decay of the aliphatic signal of the LPS is observed
in dependence of the gradient strength. Graphically displayed in a
so called Stejskal–Tanner-plot, the negative slope of the decay isequivalent to the self-diffusion coefﬁcient. In order to focus the
observation on the LPS molecules, exclusively the methyl proton signal
(0.7–1.5 ppm) is analyzed which does not occur for polydeuterated
DMPC. In Fig. 2, the resulting data for LPS in presence of DMPC vesicles
(circles) are compared to those obtained on a pure LPS solution
(squares).
In case of the pure LPS solution (squares), the plot exhibits two
distinctly different slopes. The initial, steep slope for ln (I/I0) N −1
corresponds to a self-diffusion coefﬁcient of D = 3.6×10−11 m2/s
which is in accordance with a particle radius of r = 5.8 nm in an
aqueous solution. With the given size of the LPS molecules (Fig. 1b),
this would mean that this part of the curve could represent partially
associated LPS molecules in an aqueous environment. In contrast, the
second, ﬂat part of the slope indicates a much slower self-diffusion
process with D = 2.6×10−12 m2/s. This corresponds to much larger
particles with r = 80 nm which means that large LPS aggregates
must have formed, possibly vesicles. The relative amount of LPS in
large aggregates can be estimated from an extrapolation of the ﬂat
part onto the logarithmic vertical axis. Overall, for the sonicated solution
of pure LPS,we canpostulate amixture of 75%of associated LPSmolecules
with 25% of LPS in large aggregates.
When combined with DMPC (with an LPS content of 0.23 mol%),
the outcome of the experiment looks completely different: only a
single slope is detected which exhibits a self-diffusion rate of D =
3.3×10−12 m2/s. That clearly means that all mobile states of LPS
have vanished and we exclusively observe vesicles with r = 65 nm.
If a fraction of mobile LPS is still left, it deﬁnitely is smaller than 5%.
This only leaves the interpretation that the mobile fraction of the
LPS must have been completely integrated into vesicles, most likely
vesicles of mixed composition (LPS + DMPC). Obviously, free LPS
cannot exist next to DMPC vesicles due to the high tendency of LPS
to integrate into DMPC bilayers.
3.2. Inﬂuence of LPS on the DMPC bilayer structure
With an almost quantitative integration of the LPS into the DMPC
membranes, the next question concerns the consequence of LPS on
the structure and dynamics of the DMPC bilayer. Again, nuclear magnetic
resonance offers an approach to study this effect. A very sensitive indica-
tor for the structure of a membrane including its molecular dynamics is
offered by 2H spectra obtained on membranes in a non-oriented bulk
sample. The 2H spectral lineshape sensitively reﬂects the correlation
time τ∟ of the collective tumbling motion as well as the molecular order
of the molecules in terms of an order parameter SZZ. Fig. 3 shows a com-
parison of 2H spectra of DMPCmembranes containing various amounts of
LPS (solid lines) with those of pure DMPC membranes (dotted lines).
Fig. 3. Static solid-state 2H NMR spectra of a DMPC membrane (dotted line represents pure DMPC) containing 0.23 mol% (a), 2.5 mol% (b) and 7.5 mol% LPS (c). All lineshapes were
obtained at 307 K. The outer splitting can be assigned to the aliphaticmethylene groups near the glycerol backbone of theDMPC, the smallest splitting located in the center of the spectrum
is caused by the exceptionally mobile methyl end groups.
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the integration of LPS: the outer splitting of the quadrupole spectrum
becomes smaller, the tips of the outer wings erode. Although the
differences may appear small, they are quite signiﬁcant as quadrupolar
splittings in 2H NMR are a very sensitive and reliable measure for order
and dynamics. For a quantitative analysis of the results, the lineshapes
are simulated using a ﬁnite element approach for anisotropic rotational
diffusion which is accounting for the quadrupole interaction of the 2H
nuclei and the given conditions of the NMR experiment. The details of
this tool for an analysis of 2H spectra are explained in the supplementary
information. In the given case, the simulation of the outer portion of the
spectrum (the largest splittings can be assigned to the aliphatic
methylene groups near the glycerol backbone of the DMPC molecule)
yields the correlation time τ∟ for the collective tumbling motion as well
as the molecular order parameter SZZ. Hence, the values of τ∟ and SZZ
denote the velocity and the amplitude of the collective molecular
tumbling. A systematic comparison between the experimental and
the simulated spectra reveals that increasing concentrations of
LPS accelerates the tumbling motion and increases its amplitude
(see supplementary information). For the tumbling amplitude, the
effect is quite clear: for 0 mol%, 0.23 mol%, 2.5 mol% and 7.5 mol% of
LPS, the orientational order parameter for DMPC molecules decreases
from 0.64 to 0.52. A more subtle effect is found for the correlation
time τ∟: here, a decrease from 5 ms to 2 ms can be derived from the
shape of the outer wing tips of the spectrum.
Alternatively to the molecular order parameters SZZ, integral C–D
bond order parameters SCD can be directly determined from the
quadrupolar splitting ΔνQ according to ΔνQ = 3/4 CQ |SCD| using a
static quadrupolar coupling constant CQ of 169 kHz. To illustrate
our ﬁnding of decreasing molecular order due to LPS insertion, we
are comparing the SCD values obtained from the simulations for the
plateau region (i.e. that part of the fatty acid chains which is located
near the glycerol backbone, see supplementary information) with
values determined directly from the experimental 2H NMR spectra for
themethyl groups at the chain ends (Table 1). The bondorder parametersderived from the experiments and the simulations are not fully
comparable. This is due to the fact that the simulated lineshapes are
inﬂuenced by the correlation time as an additional variable parameter.
While the segmental order of the DMPC molecules (and hence SCD)
is only slightly affected by LPS, the molecular order parameter SZZ
decreases from 0.64 to 0.52, reﬂecting an increasing amplitude of the
ﬂuctuation of the membrane director. Obviously, the inﬂuence of LPS
on the structure of the aliphatic chains in the hydrophobic part of the
membrane is neglectable. However, the LPS does have a distinct inﬂu-
ence on SZZ which characterizes the orientational order of the average
DMPCmolecule as a whole. The data clearly prove a strongly increasing
molecular tumbling amplitude with increasing LPS content. Regarding
the correlation time for the collective tumbling motion, the effect is
less distinct. However, there is some clue that the ﬂuctuation motion
may become faster. Obviously, the presence of the LPS in the DMPC
membrane reduces the integrity of the bilayer structure as it allows
for larger and possibly more rapid ﬂuctuations to occur.
3.3. Inﬂuence of LPS on the mechanical performance of DMPC membranes
This given, one has to expect an inﬂuence on the mechanical
strength and the ﬂexibility of the membrane structure. A direct
approach for the measurement of mechanical data is an indentation
experiment on membrane vesicles using atomic force microscopy.
Initially, AFM is used to visualize the vesicle structure. Fig. 4 shows
AFM images obtained on multilamellar vesicles of pure DMPC (a) and
of DMPC vesicles with increasing LPS content (b–d).
Clearly, spherical vesicle-like structures occur for all concentrations.
However, it is obvious that the vesicle size decreaseswith increasing LPS
concentration.While pure DMPC vesicles show average radii of 250 nm,
these values decrease to 100 nm, 30 nm and 20 nm in presence of
0.23 mol%, 2.5 mol% and 7.5 mol% LPS. This ﬁnding is supported by the
AFM images (Fig. 4) but also in DLS data on vesicle dispersions (Fig. 5).
Possibly, this effect reﬂects an increase in mechanical sensitivity
with the LPS content. As all vesicle samples have been prepared using
Table 1
Integral bond order parameters SCD and molecular order parameter SZZ for DMPC bilayers with various concentrations of LPS as derived from the quadrupolar splittings ΔνQ. The values
directly obtained from the experimental spectra are compared to the simulated counterparts. All data with the index (end) refer to themethyl end groupwhile data with the label (plat)
refer to the plateau region, hence the residual inner segments of the aliphatic chain. The molecular order parameter SZZ describes the amplitude of the tumbling motion.
Experimental data Simulation data
LPS ΔνQ(end)/kHz |SCD(end)| ΔνQ(plat)/kHz |SCD(plat)| ΔνQ(plat)/kHz |SCD(plat)| SZZ
0 mol% 4.39 0.0346 29.79 0.2350 30.28 0.2389 0.64
0.23 mol% 4.35 0.0344 29.97 0.2365 29.99 0.2366 0.56
2.5 mol% 4.34 0.0342 29.77 0.2349 29.66 0.2340 0.56
7.5 mol% 4.21 0.0332 29.65 0.2339 29.12 0.2297 0.52
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induced by the presence of LPS will likely lead to a corresponding
reduction of the vesicle size. Finally, a direct detection of the mechanical
strength is performed by indentation tests on the observed vesicles. In
each case, the AFM tip is carefully positioned at the central top of
individual vesicles. Subsequently, the tip is slowly moved towards the
surface, hereby indenting the vesicle membranes under constant detec-
tion of the vertical force. The resulting plots of force vs. indentation
depth are analyzed for the elastic modulus of the membranes according
to Eq. (1). A summary of the data obtained on vesicles with various LPS
content is shown in Fig. 6. In case of vesicles with 7.5 mol% content, the
membrane elasticity was too low to be determined.
The data clearly show that the elasticity of the vesicle membranes
decreases with increasing LPS content. This effect is very signiﬁcant, as
the modulus is reduced by a factor of 0.5 with an LPS content as low
as 0.23 mol%. At an LPS content of 7.5 mol%, the vesicle membranes
practically lose their potential of elastic response to external deformation.Fig. 4. AFM images (error tracemode) of multilamellar vesicles on a siliconwafer containing
LPS in 0 mol% (a) 0.23 mol% (b), 2.5 mol% (c) and 7.5 mol% (d). For each concentration,
imaging was performed in three steps of different scales (50 × 50 μm, 15 × 15 μm,
1 × 1 μm).This observation is in accordance with ﬁndings on characteristic vesicle
shape changes and vesicle ﬁssion as a consequence of LPS integration
[29]. It can be regarded as a ﬁnal proof for the potential of LPS to weaken
themechanical performance of DMPC bilayers and, potentially, phospho-
lipid membranes in general.
Multiple earlier studies have focused on the speciﬁc binding of LPS
by ordered sphingomyelin/cholesterol-rich domains, so called rafts
[11,12,30]. It was shown that in ternary systems which offer classical
phospholipid bilayers next to rafts, LPS will partition with preference
for the raft structures [11,12,30]. This selectivity may be induced by
the highly saturated alkyl chains of the membrane-integrated part of
the LPS leading to a preferred association with the more ordered rafts
[11]. Actually, this selectivity could have driven the development of
raft-associated LPS-binding proteins in evolution of eukaryotic cells, so
it may have been a ﬁrst step leading from a completely non-speciﬁc
interaction with phospholipids towards completely speciﬁc receptor
binding [11]. On the other hand, the inﬂuence of LPS on thephospholipid
membrane itself should not be neglected. The aim of this study is the
elucidation of the inﬂuence of LPS on the bilayer structure and its
mechanical properties. We believe that the results clearly show that
LPS rapidly integrates into the bilayers, reduces their molecular order
and weakens their mechanical strength. This given, the toxicity of LPS
based on a non-speciﬁc interaction with phospholipid membranes may
at least partially be explained by an induction of mechanical instability
to the bilayer on the molecular and mesoscopic level.4. Conclusion
It has been shown that LPS has the potential to rapidly and completely
integrate into DMPC bilayers. On the molecular level, the integration of1 10 100 1000
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2276 M. Nagel et al. / Biochimica et Biophysica Acta 1848 (2015) 2271–2276LPS leads to a signiﬁcant increase of the amplitude of collective tumbling
motion of DMPC molecules. On the mesoscopic level, this leads to a very
signiﬁcant decrease of the elastic strength of the membranes, also
accompanied by a reduction of the vesicle size under a given amount of
shear. Altogether, these observations explain for a non-speciﬁc toxicity
of LPS based on their inﬂuence on the phospholipid membrane structure.
Transparency document
The Transparency document associated with this article can be
found in the online version.
Appendix A. Supplementary data
Supplementary data to this article can be found online at http://
dx.doi.org/10.1016/j.bbamem.2015.06.008.
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